The predicted mean vote (PMV) index is widely used to evaluate the indoor thermal comfort with indoor environmental and human factors considered. However, PMV is difficult to control as its mathematical model is complicated and uncertain. Moreover, spatial distributions of environmental factors are neglected by using one PMV index in a room. In this paper, Computational Fluid Dynamics (CFD) technology is applied for simulation of the environmental factors in order to accurately describe PMV index. To deal with measurement noises or other system uncertainties, an Interval type-2 fuzzy model of PMV is developed and a new GK-GA-based modeling method is proposed. The essential issue of type-2 fuzzy modeling lies in the appropriate choice of secondary membership functions. In this study, the primary membership function is gained through G-K algorithm, and the secondary membership function is determined through Genetic Algorithm (GA). The consequent of the fuzzy rules is identified by least squared algorithm. Simulation results show that the type-2 fuzzy model is favorable to minimize the influence of uncertainties and the proposed method is effective and with good accuracy.
INTRODUCTION
Thermal comfort is mental condition that expresses satisfaction with the thermal environment. It is achieved by variation in indoor air temperature, velocity, humidity and other factors. In 1994, PMV-PPD index is introduced by International Organization of Standardization to evaluate indoor thermal comfort, which is based on Fanger's thermal comfort model (Fanger, 1970) . Now PMV index is widely used in building design, environment evaluation and other fields.
The main goals of HVAC systems are to provide comfortable environment and decrease energy consumption. They can not be best achieved by a temperature feedback controller because other environmental and personal factors are ignored. Thus, the PMV controller is considered to be a better and at least, a more energy-saving choice (Wang and Xu, 2004; Xu at al., 2010; Liu, at al., 2009) . Considering computational complexity of PMV index, some models such as neural networks and vector machine Liu and Zhang, 2002) have been developed. However, the spatial differences in indoor thermal comfort are neglected by using one PMV index in a room. In this paper, CFD technology is applied for indoor climate simulation, which is increasingly being used to study a wide variety of industrial processes.
We focus on the problem of developing a dynamic model to describe the behaviour of indoor thermal comfort process. Simulation of indoor environment and PMV is proposed to obtain input-output data sets by the use of commercial CFD software: FLUENT. Uncertainties and disturbances of measurement and human factors are also considered. To deal with them, an interval type-2 fuzzy system is developed.
Type 2 T-S fuzzy systems achieve robustness, computational tractability and convenience to combine with control algorithms (Liang and Mendel, 1999) . Currently, main approaches in obtaining model structure include C-means clustering method (Zarandi and Turksen, 2007) , G-K method (Liao at al., 2009) , nearest neighbour classifier (Wang at al., 2009 ) and hybrid learning (Mendel and Castillo, 2005; Mendel and Hernandez, 2007) . Model parameters are often estimated by identification or optimization algorithm such as least-squares method (Liao at al., 2009) , Gaussian Mixture Model (GMM) (Wang at al., 2009 ) and Back-Propagation (BP) algorithm (Mendel and Castillo, 2005) . However, these methods have some limits. For example, pre-treatment of data is required (Liao at al., 2009 ). Antecedent and consequent parameters are optimized simultaneously (Mendel and Castillo, 2005) and it is obviously timeconsuming. In this study, a new interval type 2 T-S fuzzy modelling approach is proposed. The primary membership functions are gained by G-K algorithm. Then, the centroids and shapes of secondary membership functions are tuned by optimizing partition entropy and cardinality through GA. Finally, consequent parameters are determined by least squared algorithm. The proposed approach is evaluated by modelling PMV and simulation results show its performance.
THERMAL COMFORT INDEX PMV
The PMV is an index that predicts the mean value of the votes of a large group of people on the 7-point thermal sensation scale, based on the heat balance of the human body (13). A human being's thermal sensation is influenced by his physical activity and clothing, as well as the environmental factors: air temperature, mean radiant temperature, air velocity and air humidity. Heat balance of human body is obtained when:
(1) the heat production of body is equal to the loss of heat to the environment, which means the heat storage rate of body is zero;
(2) the skin temperature and sweat secretion will be automatically modified to maintain heat balance.
Once environmental and human factors measured, the PMV can be calculated by using following equations (1) 
In this study, the environmental factors such as air temperature and velocity will be estimated through CFD simulation of indoor airflow and heat transfer. Thus, environmental differences due to location will be considered. Details can be found in Section 4.
TYPE-2 FUZZY MODELLING OF PMV
As mentioned before, PMV is not convenient to control with its computational complexity. In this section, we consider the type-2 modelling problem of PMV index. At the k th time step, the input ( ) v k is the velocity of supply air, ( ) t k is the temperature of supply air. The output ( ) y k is the PMV value of a person. Here, suppose the fuzzy model has 6 inputs: ( ), ( 1), ( 2)
and one output: ( ) y k .We take white noises as measurement noises and add them to the normalized input-output observations:
[ ] ( 1), ( 2), ( ), ( 1), ( 2), ( 2) ,
N is the number of observations.
Interval Type-2 Fuzzy Model
In 2007 
, 2, , ,
where c is the number of rules and p is the number of variables.
( 1,2, , ) 
The membership of i R can be described as: 
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The type-reduced set is described as: 
Type-2 T-S fuzzy model embraces the advantages of T-S fuzzy model structure and the capability of type 2 fuzzy model in dealing with uncertainties. With relatively low computational complexity, interval type 2 T-S fuzzy model is of practical value. With the form of membership functions and model output affirmed, we now focus on the determination of antecedent and consequent parameters.
Proposed Methodology
The main problem of type-2 fuzzy modelling lies in the selection of secondary membership functions. The centroids and shapes of secondary membership functions can be determined by BP algorithm (Zarandi and Turksen, 2007) , data analyze (Liao at al., 2009) , GMM (Wang at al., 2009) , hybrid training (Mendel and Castillo, 2005; Mendel and Hernandez, 2007) . In this study, GA based optimization of secondary membership functions is proposed. We introduce two criteria: partition entropy and cardinality (Papadakis and Theocharis, 2002) in the fitness function to measure the quality of the partitions. Partition entropy is considered to be the overlapping criterion which describes the rate of interaction between the local sub-systems. Cardinality describes the way samples are covered by partitions. By applying these two criterions in centroid optimization, each fuzzy partition covers sufficient samples and exhibits little degree of complexity. The modelling process is divided into three steps.
Step1 (Determination of primary membership functions): 
Step 2 (Optimization of secondary membership functions):
To attain centroids of secondary membership functions, we suggest partition entropy and cardinality as fuzzy objectives. The fitness function is formulated as a weighted sum of the fuzzy objectives: .With all samples of data sets considered, the entropy and cardinality of a partition is given by: κ is between 0.5 and 1 and the value of r κ is between 1 and 1.5.
Step 3 (Identification of consequent parameters):
will be identified by least-squares method since the membership functions have been determined.
In summary, the typicality of partitions is ensured in Step 1. In
Step 2 we introduce the entropy and the cardinality measures which assist GA to attain models with simple and well-defined fuzzy partitions. Therefore, pre-treatment of data and simultaneous optimization of parameters have been avoided.
SIMULATION RESULTS
We study an air-conditioned laboratory room in summer which is 5m long, 8m wide and 3.5m high. Its south (direction of y-axis) wall is a glass window and seven people work in this room. There are three return vents and four supply outlets in the ceiling. Cold air is supplied through the supply outlets in the ceiling velocity vertically. Mesh room for CFD is shown in Fig.1 . Fig.1) . Dynamics of average air temperature and velocity on the surface of considered person is captured by FLUENT. Metabolic rate is a time-varying factor, which causes uncertainty in calculation of PMV. All the environmental and human factors of PMV are determined (see Table 1 ). 
The evaluation for the proposed method is based on root mean-squared error (RMSE). In this case, 0.0508 RMSE = . Fig.2 & 3 show the performance of modelling. As is shown in Fig.2 & 3 , the influence of uncertainty and measurement noise is limited and good modelling accuracy is achieved. From these figures, the system real output which does not add noise can well denoted by using type-2 T-S model.
To further prove the modelling effectiveness, we simulated the steady-state environment of the room with variety of supply air temperature and velocity. Let . The incoming airflow is colder than the room air. As a result, the cold air goes down, spreads over the whole floor and cascades up along the wall. The air in the room moves in the circulation with decreasing buoyancy. Thus, the distribution of indoor air temperature and velocity is formed. Then PMV values of the considered person (marked gray in Fig.1 ) under these conditions are calculated and compared with the predicted values of proposed model (see Fig. 6 ). Simulation results show again that the PMV predicted by model and that simulated by CFD mode are perfectly fit.
CONCLUSIONS
PMV index which combines environmental factors is widely used to indicate thermal comfort. However, its dynamic process is related with indoor air flow and heat transfer and not convenient to control. Interval type-2 fuzzy system was introduced to model dynamics of PMV. In this paper, CFD simulation was applied for data sampling. We also proposed a new type-2 fuzzy modelling approach. Antecedent and consequent parameters were obtained by GK-GA-based optimization and identification through least-squares method. Simulation results validated the feasibility and efficiency of the method. In our further research, control of PMV will be considered based on the developed model.
